Moraxella catarrhalis is a bacterial species that has been implicated in 15^20% of all cases of otitis media in the USA and the complementresistant variant of M. catarrhalis has been considered particularly pathogenic. A collection of geographically diverse, complement-sensitive (n = 28) and -resistant strains (n = 47) of M. catarrhalis was assembled in order to analyse the bacterial population structure. All strains were identified as M. catarrhalis by conventional microbiological and biochemical methods. Amplification of the small subunit (ssu) ribosomal RNA gene followed by restriction fragment length polymorphism (RFLP) analysis did not reveal consistent differences between serumsusceptible and -resistant M. catarrhalis isolates. Interestingly, upon automated ribotyping using the Qualicon RiboPrinter0 microbial characterisation system, the complement-sensitive and -resistant strains segregated into two groups. This suggested the existence of two clearly distinguishable lineages within the species M. catarrhalis. This observation was corroborated by pulsed field gel electrophoresis (PFGE) of DNA macro-restriction fragments, a non-ribosomal PCR RFLP procedure and random amplification of polymorphic DNA (RAPD) analysis. All procedures grouped the two variants similarly. Redefinition of the taxonomic status of complement-resistant M. catarrhalis or even the definition of a new species may be opportune. ß
Introduction
Moraxella catarrhalis is frequently encountered as a commensal coloniser of the human upper respiratory tract [1, 2] . It has emerged as a true pathogen that may cause upper respiratory tract infections [1] . Moreover, M. catarrhalis is the third most common cause of acute otitis media in children [3, 4] . M. catarrhalis DNA could be detected in 46% of middle ear £uids from children with chronic otitis media with e¡usion [5] . M. catarrhalis is also an important cause of lower respiratory tract infections, particularly in adults with chronic obstructive pulmonary disease [6, 7] .
Hospital outbreaks of respiratory disease due to M. catarrhalis have been described [8] , identifying the bacterium as a nosocomial pathogen as well.
Resistance to complement-mediated killing can be considered a virulence factor of M. catarrhalis [9, 10] . The vast majority of strains (89%) isolated from lower respiratory tract infections in adults, for instance, are fully or intermediately resistant to killing by serum. In contrast, M. catarrhalis strains isolated from the upper respiratory tract of healthy children are primarily (58%) sensitive to complement-mediated killing. It was established that resistant strains inhibit complement activity at the level of the formation of membrane-attack complexes [11] . In addition, it was demonstrated that complement resistance is possibly facilitated by one of the outer membrane proteins, designated high molecular mass outer membrane protein (HMW-OMP) or ubiquitous surface protein (UspA) [5, 12, 13] . The binding of human vitronectin appears to play an important role in complement resistance of M. catarrhalis [14] . Other surface-exposed factors such as CopB [15] , the transferrin-binding protein OMP B1 [16] , or the UspA variant called UspA2 [17] have been implicated as important resistance-associated factors. In the present study, 75 strains of M. catarrhalis with di¡er-ent complement susceptibility phenotypes were collected. A diversity of DNA typing procedures was used to study complement-resistant and complement-sensitive strains of M. catarrhalis at the population level.
Materials and methods

Strain characteristics and complement resistance determination
Seventy ¢ve M. catarrhalis strains derived from di¡erent sources were used and strain characteristics are summarised in the legend of Table 1 . Strains originated from geographically distinct areas, from a large number of independent individuals and from colonisation and infectious cases. As such, close inter-strain relatedness is essentially excluded. The species identity of the strains was established microbiologically by colony morphology examination, Gram staining, assessment of the production of DNase, catalase and oxidase, and tributyrin conversion (Tributyrin Assay, Roscoe Diagnostics, Taastrup, Denmark). In addition, strains were identi¢ed by Vitek analysis (NHI cards, bioMerieux, Marcy l'Etoile, France). All strains were frozen in liquid brain heart infusion (BHI) medium containing 10% glycerol and stored at 380³C.
Complement-resistant phenotypes were established in duplicate using a microtitre bactericidal assay and a serum spot test [18] . The strains were divided into three di¡erent groups, complement-sensitive (n = 28), complement-resistant (n = 44) and intermediately resistant (n = 3). DNA to be used in the PCR typing strategies described below was isolated by the guanidinium-Celite procedure [19] .
RFLP analysis of ribosomal amplicons
Two species speci¢c primers for the ampli¢cation of the entire ssu rRNA sequence of M. catarrhalis were designed [20] . The identi¢cations and sequences of these primers were : MC16s-RV (5P-TTCACCCCAGTCATCGACCC-CA-CC-3P) and MC16S-FW (5P-CTGGCGGCAGAG-GCTTAACACATGCA). Ampli¢cation took place using Supertaq DNA polymerase and a GeneAmp 9600 PCR machine (both from Perkin-Elmer, Gouda, The Netherlands) with the following thermocycling protocol: 4 min of predenaturation at 94³C followed by 40 cycles of 45 s at 94³C, 45 s at 52³C and 45 s at 72³C. After checking the size and quantity of the amplicons by gel electrophoresis, restriction digests using the enzymes RsaI, HaeIII, AluI and EcoRI were prepared. The digests were analysed by electrophoresis on 2% agarose gels (SeaKem Gold, FMC, Rockville, USA).
Automated ribotyping
Prior to automated ribotyping using the Qualicon RiboPrinter0 microbial characterisation system [21] , strains were grown overnight on blood-agar plates. Automated ribotyping was subsequently performed according to the manufacturer's instructions using the restriction enzyme EcoRI. A DNA probe covering both the ssu rRNA and the lsu rRNA coding regions was employed and the ribotypes were compared using GelCompar software (Applied Maths, Gent, Belgium).
PFGE analysis
DNA from the Moraxella strains was embedded in agarose and digested with either the restriction enzyme NotI or SpeI. After digestion, the agarose blocks were rinsed in electrophoresis bu¡er and PFGE was performed using a CHEF Mapper (BioRad, Veenendaal, The Netherlands) according to established experimental protocols [22] . The ramping protocol was as follows : at a constant voltage of 6 V cm 31 and at 15³C the pulsing time increased from 2 to 10 s during the ¢rst 10 h of electrophoresis. During the second block of 10 h, the pulsing times increased linearly from 10 to 20 s. The resulting ¢nger-prints were photographed using a CCD camera coupled to a thermoprinter (Mitsubishi, Progress Control, Waalwijk, The Netherlands). Relatedness between the individual PFGE types was established using GelCompar again.
RFLP genotyping of M. catarrhalis strains
All strains were typed with the help of a PCR-RFLP approach as described previously [23] . DNA was ampli¢ed in the presence of di¡erent primer sets (M46^75U and M46^1794U or M46^1694U and M46^3564, respectively). Two partially overlapping amplicons, 1739 and 1814 bp in length, were synthesised using the following program: 30 cycles of 1 min at 94³C, 1 min at 50³C and 1 min at 72³C preceded by 6 min predenaturation at 94³C and followed by a post-extension step for 8 min at 72³C. Both amplicons were ethanol-precipitated and analysed for RFLP by the enzymes HaeIII and RsaI. Digests were analysed on 1.5% agarose gels, experimental data were documented using Polaroid Instant photographs and categorised on the basis of visual inspection of the banding patterns.
RAPD analysis
Initially, a subset of strains was selected from the entire collection of M. catarrhalis isolates (see Table 2 ). Fourteen epidemiologically unrelated strains of diverse geographical origin were included in primary studies to assess the resolving power of di¡erent primers used for RAPD. Out of the fourteen strains, four were sensitive and nine were complement-resistant. One strain was intermediately resistant. Primers used were ERIC1 (5P-CACTTAGGGG-TCCTCGAATGTA-3P) and ERIC2 (5P-AAGTAAGT-GACTG-GGGAGAGCG-3P) [24] , RAPD1 (5P-GGTTG-GGTGAGAATTGC-ACG-3P) and RAPD7 (5P-GTGG-ATGCGA-3P) [25, 26] and RAPD14307 (5P-GGTTGG-GTGAGAATTGCACG-3P), RAPD10730 (5P-GGCCAT-AGAGTGTTGCAGACAAACTGC-3P), RAPD1247 (5P-AAGAGCCCGT-3P), RAPD1254 (5P-CCGCAGCCAA-3P), RAPD1281 (5P-AACGCGCAAC-3P), RAPD1283 (5P-GCGATCCCCA-3P) and RAPD1290 (5P-GTGGA-TGCG-3P) in single ampli¢cation reactions, respectively. Finally, the entire collection of strains was screened with primers ERIC2 and RAPD1290. 
The strains have been ordered with respect to geographic origin. Collection A originates from children in a primary school in Nieuwegein, the Netherlands (1989) ; collection B is from children in a primary school in Heerenveen, the Netherlands (1993); collection C comprises clinical isolates from all over Friesland, The Netherlands (cases of lower respiratory tract infections in adults,1993); collection D represents clinical isolates from Utrecht University Hospital (positive blood cultures from children, 1989) ; collection E are clinical isolates from the University Hospital Rotterdam (positive blood cultures from children, 1997) ; collection F are ATTC strains; collection G represents African isolates (1995). S identi¢es sensitive strains, whereas R identi¢es complement-resistant strains. A¤xed numbers in the RAPD patterns characterise those patterns that di¡er by a single band from the basic pattern as identi¢ed by capital lettering. Di¡erent numbers correspond with di¡erent band changes. In the column`RFLP analysis' four-letter codes are stated. Each letter corresponds with a type generated with one of the four PCR RFLP tests (see Section 2) . It has to be mentioned that that in the RFLP patterns sometimes minor band shifts were observed: these di¡erences are not included in the current data description. The di¡erent types were identi¢ed on the basis of capital letter codes, one for each of the four assays performed. A capital T means that no amplicon could be obtained,`-', no result. Nd, not done.
Results
Automated ribotyping and PFGE studies
All strains were identi¢ed as M. catarrhalis on the basis of microbiological criteria. Furthermore, ribosomal RFLP analysis, although only part of the gene was screened, con¢rmed this species homogeneity (see Fig. 1 ). Surprisingly, on the basis of automated ribotyping a clear distinction can be made between complement-resistant and -susceptible strains. The overall homology on the basis of the ribosomal ¢ngerprints is less than 40%. Fig. 2 shows an overview of the ribotypes (RiboPrint0 pattern types) obtained and highlights a greater diversity among susceptible strains than resistant isolates. Eight DNA fragments hybridised in the case of serum resistant isolates, for the Fig. 1 . RFLP analysis of ssu rRNA amplicons. Amplicons obtained for ¢ve strains were digested with four di¡erent restriction enzymes as indicated below the picture. Strains A and B represent complement-resistant isolates D14 and F1.3N. Strains C to E are complement-sensitive isolates 3.14K, 4.14K and 60832, respectively. Note that only in the case of EcoRI digests single band variability is observed among the susceptible strains. The lanes on the left and right contain molecular-length markers (100-bp ladder, Gibco/BRL). Fig. 2 . Dendrogram constructed on the basis of RiboPrint pattern types obtained for complement-sensitive and the complement-resistant strains of Moraxella catarrhalis. Selected were those RiboPrint patterns that are representative of the diverse genotypes encountered. The resistant strains appeared to be more homogeneous (two closely related types among 47 strains). The tree was constructed in the Bionumerics program (Applied Maths, Kortrijk, Belgium) on the basis of Pearson coe¤cients and UPGMA (unweighted pair group method using arithmetic averages) clustering. Patterns were normalised using molecular size markers co-analysed during RiboPrint pattern creation. The 40^100 scale above the dendrogram indicates the percentage identity between ¢ngerprints compared. Fig. 3 . Dendrogram showing the relatedness of complement-resistant and complement-sensitive strains of Moraxella catarrhalis as prepared on the basis of the PFGE analyses. Individual PFGE ¢ngerprints were collated into a single digital ¢le and analysed using Gelcompar software. Band tolerance was set at 1.5%, after gel lanes had been normalised on the basis of the position of lambda DNA concatemers included as electrophoresis size references. The horizontal bar on the right indicates the gross separation between resistant and susceptible strains, arrows indicate exceptions to the`clustering rule' (see Section 3 for detailed description). The 10^100 scale above the dendrogram indicates the percentage of identity between ¢ngerprints compared. 1^8 5 susceptible strains between seven and nine fragments lighted up. Apparently, the cluster of complement-resistant strains is more homogeneous, since only two closely related subtypes were encountered. At present it is unclear whether the two major clusters observed among the susceptible strains (homology split at 72%) have physiological or taxonomic value. The RiboPrinter0 system analysis and the PFGE studies generated corroborating data: in both cases a distinction between the resistant and the sensitive strains is provided. Fig. 3 illustrates the concordance between automated ribotyping and PFGE by showing the dendrogram and SpeI PFGE patterns as obtained for a random selection of both resistant and sensitive strains. When all strains were analysed, the overall picture was congruent. When NotI was used as restriction enzyme, PFGE banding patterns were obtained for all of the complement-resistant strains, but not for the complement-sensitive strains. This again distinguishes the two types of strains. Ribotyping and PFGE both substantiate a genetic schism between complement-resistant and complement-sensitive strains of M. catarrhalis. Further evidence to con¢rm this observation is presented below.
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Genotyping by means of RFLP analysis
At ¢rst glance, genotyping of the strains by means of the Mu6-RFLP analysis revealed heterogeneity. Among the strains, thirty-two di¡erent combined RFLP types could be discriminated (see Table 1 ). The separate restriction assays generated a more limited number of types, varying from four to six. These characteristics behave as independent genetic markers. Note that for a subset of ten strains the primer combination 1 did not generate an amplicon. Apparently, some strains were untypable by this speci¢c PCR test. All untypable strains belonged to the serum-susceptible cluster. Furthermore, it is noted that the type DC (primer set 2) was rather prevalent among the sensitive strains (22/28 ; 78%), whereas this type is not frequently encountered among the resistant strains (1/47 ; 2%). Again, this provides a discriminatory characteristic, although not a de¢nitive one.
RAPD analysis
On the basis of the exploratory RAPD assays performed for the test panel of 14 strains, several conclusions may be drawn. Table 2 surveys all data obtained, giving ¢ngerprint scores for all of the di¡erent strains as deduced from the experimental data generated. The cumulative RAPD type, in which the results of all separate ampli¢ca-tion assays are combined, indicated that at least two RAPD ¢ngerprints di¡ered, thereby con¢rming genetic heterogeneity among all strains. On the other hand, some of the assays seemed to indicate a certain level of homology among complement-resistant or -sensitive isolates. Primer E2 for instance typed all resistant strains as (sub)type F whereas primer R2 did not discriminate among the sensitive strains; all were (sub)type A. Upon analysis of the entire collection of strains using those 
Numerical indices identify single band di¡erences with the canonical patterns. Primer sequences are stated in Section 2.6 and the codes correspond with the following primers : E1, ERIC1; E2, ERIC2; R1, RAPD1; R4, RAPD14307; R5, RAPD10730 ; R6, RAPD1281; R7, RAPD7.
RAPD primers that seemed to enable discrimination between resistant and susceptible strains (ERIC2 and RAPD1290), it was noted that the majority of resistant strains is characterised by the F/F type (Table 1 and Fig. 4 ). This is in full agreement with the schism between resistant and susceptible strains as was basically de¢ned by ribotyping and PFGE.
Discussion
Clonality of complement-resistant Moraxella catarrhalis
M. catarrhalis can be easily identi¢ed as a species in the microbiology laboratory. When the genetic approaches as described in the present communication are included in the diagnostic protocol, even di¡erentiation of individual strains is feasible. This possibility to di¡erentiate leads to the present and ¢rst description of the putative clonality of the majority of complement-resistant M. catarrhalis. The complement-resistant strains can be easily segregated from strains that are complement-sensitive on the basis of a large set of genetic characteristics. The degree of genetic homology between the resistant and susceptible groups is less than 40% when ribotypes are considered, whereas the homology value drops below 10% when the PFGE ¢nger-prints are compared. RAPD again con¢rmed the PFGE and ribotype data and, consequently, the existence of a dichotomy. Finally, RFLP mapping [23] indicated that some loci in the M. catarrhalis genome evolve at a rate exceeding that of the entire genome. Three of the assays used showed polymorphism beyond the mere distinction between susceptible and resistant strains. The third RFLP assay corresponded with riboprinting, PFGE and RAPD again. Both the RAPD and the RFLP approaches are as valuable for molecular typing as RFLP combined with ribotyping [27] or the application of RFLP-detecting DNA probes [28, 29] .
We postulate that complement-resistant M. catarrhalis represents a separate lineage in the species. Whether this is geographically restricted or whether or not even di¡erent species should be de¢ned needs to be explored in more depth by multi-locus DNA sequencing studies (work in progress). It has to be emphasised, however, that the repertoire of typing techniques employed for the M. catarrhalis strains during the present studies is su¤ciently reliable and reproducible to de¢ne clonality for complement-resistant M. catarrhalis strains.
Concluding remarks
We here present evidence on the clonal nature of complement-resistant M. catarrhalis. This conclusion is based on the outcome of genetic analyses of a variety of bacterial strains and provides new insights in the evolution of M. catarrhalis as a pathogenic species. Although serum resistance is probably not a single-gene phenomenon in M. catarrhalis, our ¢ndings indicate that complementresistant M. catarrhalis evolved from a single, probably recent ancestral isolate that acquired speci¢c traits that provided this primordial strain with novel and ecologically advantageous capacities.
